Introduction {#sec1}
============

Scoliosis, a common spinal disease in humans, is characterized by three-dimensional deformity of spine, which can cause back pain, respiratory and/or cardiac problems [@bib1]. There are multiple types of scoliosis such as congenital scoliosis (CS), idiopathic scoliosis, degenerative scoliosis and neuromuscular scoliosis [@bib2]. Among them, CS and adolescent idiopathic scoliosis (AIS) occur during early or later development stages, i.e., they are maldevelopment-related scoliosis. AIS affects 1--3% of children in the at-risk population of those aged 10--16 years, and CS has an incidence of 0.5--1 per 1000 births [@bib3], [@bib4]. Although the clinical manifestations and symptoms of maldevelopment-related scoliosis are well characterized, the pathogenesis of them is not fully understood. Currently, the major effective therapy for scoliosis is conservative treatment and/or orthopaedic surgery prevention or correction of the primary manifestation of the disorder---i.e., spinal deformity [@bib5]. Better understanding of the aetiology will be helpful for more effective prevention, early diagnosis and intervention of maldevelopment-related scoliosis including AIS.

It has been recognized that genetic factors play important roles in the pathogenesis of maldevelopment-related scoliosis. The skeleton of spine is formed through endochondral ossification (EO). Multiple signalling pathways play significant roles in EO. Disturbance of these pathways may lead to spine deformation such as scoliosis and kyphosis. Beside the well-recognized cause--effect relation between gene mutations and scoliosis, segregation studies support a complex inheritance model in which multiple genetic factors contribute greater than 80% of the overall risk for AIS [@bib6]. Multiple genes such as FGFR3 (fibroblast growth factor receptor 3), Gpr126, Pax1, TBX6 and fibrillin were proved to be associated with maldevelopment-related scoliosis [@bib7], [@bib8], [@bib9], [@bib10]. FGFR3-deficient mice develop a pronounced scoliosis phenotype at 2 months of age [@bib11], [@bib12]. Chondrocyte-specific knockout of tuberous sclerosis 1 (TSC-1) leads to congenital spinal deformity in mice [@bib13]. Chickens will develop scoliosis after removal of pineal body due to lack of melatonin, a crucial molecule for growth plate development [@bib14]. All these facts reveal that the dysregulated EO with either global or regional skeleton maldevelopment plays important roles in the pathogenesis of maldevelopment-related scoliosis.

Previous studies mainly focus on the role of asymmetry/imbalanced development of individual bone such as vertebrae [@bib15]. People with AIS were reported to have more active growth in the anterior portion of vertebrae than in the posterior spinal column [@bib16], [@bib17], [@bib18], [@bib19]. It has been reported that disturbance of the ribcage development can lead to progressive structural scoliosis and a shallow chest, which is associated with the initiation of small thoracic curvatures and thoracic AIS [@bib20]. Crijns et al. [@bib21] using a simplified physical model of the thoracolumbar spine, found that restrained differential growth in the sagittal plane can result in lateral bending and rotation without a preexisting left--right asymmetry, indicating that scoliosis is not just associated with the abnormalities of spine itself, but rather a disturbance of the coordinated development of multiple skeletons and soft tissue including spine, ribcage, ligament and muscles.

AIS mostly occurs in the thoracic spine. The thoracic cavity is coordinately formed ventrally by the sternum and costal cartilages and dorsally by the 12 thoracic vertebrae and the dorsal parts of the 12 ribs. Theoretically, any development imbalance between sternum and vertebrae may lead to disturbed thoracic development and subsequently cause maldevelopment-related scoliosis. We speculated that the mechanism of the distorted spine development might be related to the loss of coupling between the development of sternum and thoracic vertebras.

The aim of this study is to examine whether the loss of growth coordination between sternum and thoracic vertebras can predispose spine to maldevelopment-related scoliosis, especially AIS. By quantitatively comparing the differences in the growth of the anterior and posterior elements of thorax cage (i.e., sternum and vertebrae) in patients with AIS and normal individuals, as well as two mouse models with maldevelopment-related scoliosis, we demonstrate that the imbalanced growth between the thoracic vertebral column and sternum is one of the causative factors for maldevelopment-related scoliosis including some types of AIS.

Materials and methods {#sec2}
=====================

Patients {#sec2.1}
--------

Fifty AIS patients between the age of 12 and 24 years with Cobb's angles between 32° and 104°, and 50 age-matched controls were enrolled. All patients and controls underwent a 64-slice three-dimensional reconstructed CT imaging of their thorax. The absolute lengths of the sternum and 1st-10th thoracic vertebrae were subsequently measured and calculated using the Philips EBW software v.4.5 (Philips Healthcare Nederland B.V., Netherlands). The length of the sternum from the midpoint of the upper edge of the presternum to the midpoint between the bilateral 7th rib head was measured. The length of thoracic vertebra was measured from the midpoint of the upper edge of the 1st thoracic vertebrae to the midpoint of the lower edge of the 10th thoracic vertebrae. This project received approval from the Ethical and Protocol Review Committee of Daping Hospital, Chongqing.

Mice {#sec2.2}
----

*Fgfr3* knockout mice were maintained on C3H/HeJ (C3H) background and the genotyping was conducted as described previously [@bib22]. Female C57BL/6J (C57) mice were purchased from the Nanjing Model Animal Research Center. All experiments were performed in accordance with protocols and approved by the Institutional Animals Care and Use Committee of Daping Hospital (Chongqing, China). All mice were housed in animal room with air conditioning and lighting control system.

Group and surgery {#sec2.3}
-----------------

Three-week-old C57 mice were randomly divided into 4 groups: Group 1, 15 quadrupedal mice served as controls; Group 2, 15 mice underwent resection of two forelegs and tail (bipedal mice) [@bib23]; Group 3, 15 quadrupedal mice underwent sternal growth plate injury and Group 4, 15 bipedal mice underwent sternal growth plate injury. Amputation of both bilateral forelimbs at the humeroscapular junction and excision of the tail at the bottom were performed for each mouse in Groups 2 and 4 under anaesthesia with pentobarbital sodium (100 mg/kg), whereas sternum growth plates were destructed using an electrosurgical knife in mice in Groups 3 and 4. Buprenorphine was used for control of postoperative pain.

X-ray {#sec2.4}
-----

Mice were sacrificed after being subjected to high-resolution X-ray examination using Faxitron MX20 (Faxitron X-ray, Lincolnshire, IL, USA). The acquired images were used to measure the gross anatomical morphology. The length of isolated sternum and thoracic vertebrae was measured based on the X-ray image using ImageJ software (<https://imagej.nih.gov/ij/>). Their ratio is used as the thoracic anteroposterior length ratio.

Micro-CT {#sec2.5}
--------

The thorax cages of mice were scanned by micro-CT (VivaCT40; Scanco Medical AG, Switzerland), with the condition of 70 kV and 113 μA. Two-dimensional images were used to generate three-dimensional reconstructions. At each specific time point examined, every measurement used the same filtering and segmentation values to obtain three-dimensional images. The magnitude of the major scoliotic curve (Cobb\'s angle) was recorded. The curvature of scoliosis greater than 10° was the criterion for scoliosis.

Histology and analysis {#sec2.6}
----------------------

A CO~2~ overdose was used for the euthanasia of all mice. The sternum and thoracic vertebrae were dissected and collected 3 months after surgery, fixed in 4% paraformaldehyde in 0.01 M phosphate buffer saline (PBS) (pH 7.4), decalcified in 15% EDTA (pH 7.4) and embedded in paraffin. Five-micrometre-thick sections were sliced and stained with Safranin-O and Fast Green.

Statistical analysis {#sec2.7}
--------------------

All data were statistically analyzed using GraphPad Prism (GraphPad Inc., La Jolla, CA, USA), version 6, and the results were expressed as mean ± standard deviation. Statistics were evaluated using Student *t* test and two-way analysis of variance test, and *P* values were considered significant at *P* \< 0.05.

Results {#sec3}
=======

The thoracic anteroposterior length ratio of patients with AIS is significantly reduced and correlated with the occurrence and severity scores of scoliosis {#sec3.1}
-----------------------------------------------------------------------------------------------------------------------------------------------------------

The Cobb\'s angle is less than 10° in the normal control group without scoliosis phenotype compared with that in the 50 patients with AIS enrolled in this study ([Fig. 1](#fig1){ref-type="fig"}A and B). The thoracic anteroposterior length ratio in patients with AIS was 0.623 ± 0.020 (n = 50), whereas that in the control group was 0.695 ± 0.023 (n = 50). Thoracic anteroposterior length ratio of patients with AIS was significantly reduced compared with that of the age-matched control group ([Fig. 1](#fig1){ref-type="fig"}C). Based on the Cobb\'s angle, all patients were divided into three group as follows: 1, 30--45°; 2, 46--60°; 3, 61° and above. The Spearman coefficient analysis of the correlation between ordinal measurements showed a significant negative correlation between the scoliosis severity score and the ratio between sternum and thoracic vertebras (T1--10) (*P* = 0.008, Rho = −0.370). These data reveal a negative correlation between the extent of disproportionate anteroposterior growth of thorax and the severities of scoliosis, which indicates that the mismatched development between thoracic spine and sternum play an important role in the development of scoliosis.Figure 1The CT images and measurement results obtained from AIS patients and control subject. (A) Representative CT images of thorax in patients with AIS. (B) Representative CT images of thorax of individuals in the normal group. (C) The thoracic anteroposterior length ratio of patients with AIS was significantly decreased. Values are the mean ± SD. \*\*\*\**P* \< 0.0001 compared with normal group.AIS = adolescent idiopathic scoliosis; CT = computed tomography; SD = standard deviation.Figure 1

The thoracic anteroposterior length ratio is significantly reduced in *fgfr3* knockout mice {#sec3.2}
-------------------------------------------------------------------------------------------

*Fgfr3* knockout mice showed overgrowth as previously described [@bib22]. These mice exhibit elongated thoracic vertebrae, which is increasingly apparent ([Fig. 2](#fig2){ref-type="fig"}A). All mutant mice show severe scoliosis (greater than 30°) at 2 months of age, whereas none of the age-matched wild-type C3H mice have scoliosis phenotype (Cobb\'s angle \< 10°). The apical vertebrae of scoliosis in *fgfr3* knockout mice was mainly located between the 7th and 10th thoracic vertebrae, indicating that the maldevelopment of thorax cage plays an important role in the pathogenesis of scoliosis in *fgfr3* knockout mice ([Fig. 2](#fig2){ref-type="fig"}B). There was a differential growth rate along the thoracic spinal column between two genotypes. By 2 months, the height of the thoracic vertebrae (T1--T10) in FGFR3-deficient mice (total lengths, 3.708 ± 0.184 cm) was significantly greater than that of the vertebrae in C3H mice (total lengths, 2.802 ± 0.164 cm). The length of sternum in FGFR3-deficient and control mice was 2.425 ± 0.185 cm and 2.243 ± 0.183 cm, respectively ([Fig. 2](#fig2){ref-type="fig"}C). The thoracic anteroposterior length ratio of FGFR3-deficient mice was 0.6573 ± 0.016, which was significantly lower than that in the control group (0.8000 ± 0.008) at 2 months ([Fig. 2](#fig2){ref-type="fig"}D). Measurement of the lengths of sternum and thoracic vertebrae (T1--10) reveals that *fgfr3* knockout mice had relatively more active growth in thoracic vertebrae than in sternum when compared with wild-type mice, leading to reduced thoracic anteroposterior length ratio.Figure 2FGFR3 deficiency results in scoliosis with decreased thoracic anteroposterior length ratio in mice. (A) Representative X-ray images of the sternum and thoracic vertebrae from WT and FGFR3-deficient mice at 2 and 8 weeks. (B) Representative 3D micro-CT images of thoracic vertebrae from WT and FGFR3-deficient mice at 8 weeks. (C) The length of thoracic vertebrae (T1--10) in FGFR3-deficient mice was increased compared with WT mice (n = 8). (D) Thoracic anteroposterior length ratio was significantly reduced in FGFR3-deficient mice (n = 8). (E) The histological section image of the affected thoracic vertebra and intervertebral disc. Red arrows point to apical vertebrae. Values are the mean ± SD. \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001 compared with C3H mice. CT = computed tomography; SD = standard deviation; WT = wild-type.Figure 2

Reduced thoracic anteroposterior length ratio is sufficient to cause scoliosis {#sec3.3}
------------------------------------------------------------------------------

Mice with genetic or pinealectomy-induced melatonin deficiency have scoliosis, which is a commonly used model for idiopathic scoliosis [@bib24], [@bib25]. In C57 mice, arylalkylamine N-acetyltransferase gene is naturally mutated, leading to decreased melatonin synthesis [@bib26]. We checked whether C57 mice showed spontaneous scoliosis. The thoracic anteroposterior length ratio of 2-week-, 3-week-, 1-month-, 2-month-, 3-month- and 4-month-old C57 mice were 0.833 ± 0.014, 0.805 ± 0.016, 0.777 ± 0.006, 0.748 ± 0.011, 0.711 ± 0.018 and 0.691 ± 0.010, respectively. During the rapid development stage (2 weeks--4 months) of C57 mice, the thoracic anteroposterior length ratio was gradually decreased with age ([Fig. 3](#fig3){ref-type="fig"}A). Although C57 mice had significantly smaller thoracic anteroposterior length ratios than C3H mice at 2 months, they show no scoliosis phenotype at all age stages ([Fig. 3](#fig3){ref-type="fig"}B--D). These data indicate that the decreased thoracic anteroposterior length ratio in C57 mice alone is not enough to cause scoliosis. To obtain scoliosis phenotype, additional scoliosis-promoting factors are needed.Figure 3Analysis of the thoracic anteroposterior length ratio in C57 and C3H mice. (A) The thoracic anteroposterior length ratio in C57 mice was gradually decreased with age in the development stage. (n = 5) (B) C57 mice exhibited significantly lower thoracic anteroposterior length ratios than C3H mice (n = 8) (C) Representative X-ray images of the sternum and thoracic vertebrae from C57 mice at postnatal 2 and 4 months. (D) Scatter plots illustrate that no scoliosis was developed during the development stage in C57 mice (n = 15). Values are the mean ± SD. \*\*\**P* \< 0.001 compared with C3H mice.SD = standard deviation.Figure 3

We showed that the normal quadrupedal C57 mice had no scoliosis phenotype at 4 months of age. X-ray and histology study of the sternum found that the growth plates of mice in Groups 3 and 4 were destructed with resultant shortened sternum ([Fig. 4](#fig4){ref-type="fig"}A and B). Two months after surgery, although mice in both Groups 3 and 4 showed smaller thoracic anteroposterior length ratio, no significant scoliosis developed (data not shown). Three months after surgery, there was no scoliosis developed in Group 1. There were, however, 13 mice with scoliosis in Group 2 (86.67%), with an average Cobb\'s angle of 15.4°, 10 mice in Group 3 (66.67%), with an average Cobb\'s angle of 10.8°, and 15 mice in Group 4 (100%), with an average Cobb\'s angle of 23.0°. A higher incidence and more severe curvature were observed in Group 4 than in both Groups 2 and 3 ([Fig. 4](#fig4){ref-type="fig"}C and D). The thoracic anteroposterior length ratios in Groups 1, 2, 3 and 4 were 0.7092 ± 0.0110, 0.7124 ± 0.0100, 0.6755 ± 0.0127 and 0.6863 ± 0.0143, respectively ([Fig. 4](#fig4){ref-type="fig"}E). Our data suggest that sternal growth plate destruction surgery leads to relative overgrowth of the thoracic vertebras, which artificially reduces the thoracic anteroposterior length ratio, leading to scoliosis in quadrupedal mice and increased scoliosis curvature severity in bipedal mice.Figure 4Artificially reducing the thoracic anteroposterior length ratio by surgical destruction of growth plates (SGD) was sufficient to cause scoliosis in quadrupedal C57 mice and increase scoliosis curvature severity in bipedal mice. (A, B) Representative X-ray and histologic images of the sternum with or without SGD at 3 month after surgery. SGD led to shortened sternum. (C) Representative X-ray images of mice in four groups: 1, quadrupedal; 2, bipedal; 3, SGD; 4, bipedal with SGD. (D) SGD led to scoliosis in quadrupedal mice and increased scoliosis curvature severity in bipedal mice. (E) SGD led to reduced thoracic anteroposterior length ratio. Values are the mean ± SD (n = 15 mice per group). \*\**P* \< 0.01, \*\*\**P* \< 0.001 compared with quadrupedal control mice (Group 1); ^**\#\#\#**^*P* \< 0.001 compared with bipedal mice (Group 3).SD = standard deviation.Figure 4

Discussion {#sec4}
==========

Spine curvature is a three-dimensional deformation of the spine which can lead to back pain, skewed body and decreased respiratory function, having severe impact on the life quality and psychological well-being of individuals affected [@bib27]. To date, orthosis and orthopaedic surgery are the most effective therapies for CS. Better understanding of the aetiology of CS and identifying possible risk factors will provide valuable clues for early diagnosis and nonsurgical and surgical management of spine curvature.

Maldevelopment-related spine deformation such as CS and AIS mainly affects the child and young people. The mechanism underlying them is not fully clarified presently, although dysregulated skeleton development is certainly the major reasons. Until now, studies have been mainly focused on the role of asymmetry development of individual vertebrae in spine curvature. Multiple studies demonstrate that spine curvature, especially AIS, is associated with the overgrowth of the anterior column resulting from loss of coupling between the EO and intramembranous ossification during the growth spurt [@bib17], [@bib18], [@bib19].

Interestingly, AIS occurs mainly in thoracic vertebrae; the reason for this phenomenon is not clear. The major bony components of thoracic cavity including ribs, sternum and vertebrae are mainly formed through EO ([Fig. 5](#fig5){ref-type="fig"}A and B).Figure 5Schematic diagram of the relationship between the sternum and the thoracic vertebrae. (A, B) The schematic diagram of thoracic skeleton structure in normal individuals: (A) anteroposterior; (B) lateral. The diagram of thoracic skeleton structure in thoracic scoliosis patients with bending and rotation in lateral: (C) anteroposterior; (D) lateral. The blue regions represent the growth plates. T, thoracic vertebrae; ST, sternum. The orange regions are the T7--10 and Ribs 7--10, which are the major affected regions of thoracic scoliosis. The green regions are the T11--12 and Rib 11--12 (floating ribs).Figure 5

Recently, it has been proved that the disturbed ribcage development can cause progressive structural scoliosis. Doi et al [@bib28] found that shallow chest is associated with the initiation of small thoracic curvatures and thoracic AIS. Patients with thoracic scoliosis always showed spinal axial deformities accompanied by flat chest and ribcage rotation [@bib29], [@bib30]. All these data suggest that ribcage maldevelopment is one of the causative factors of AIS.

Indeed, the components of the thoracic cage including sternum, rib and thoracic vertebrae (T1--T12) are structurally and functionally integrated as a unit to meet the basic functional demand of the thoracic spine and organs related, especially the heart and lung. Imbalanced development among these components of thorax resulting from either genetic and/or environmental disturbance may lead to occurrence and/or increased severity of the thoracic spine curvature ([Fig. 5](#fig5){ref-type="fig"}C and D). The sternum, connected to the spine via ribs, is one of the major skeleton components composed of the thoracic cavity, indicating its potential essential role in spine development. We here find that patients with scoliosis had a reduced thoracic anteroposterior length ratio resulting from relative longer thoracic vertebra and shorter sternum. We further found that C57BL/6J mice exhibited a decreasing thoracic anteroposterior length ratio with ageing, but there was no scoliosis phenotype even at 12 months (data not shown). When we artificially reduced the thoracic anteroposterior length ratio by surgically destroying the sternal growth plates, scoliosis in quadrupedal mice and increased scoliosis curvature in bipedal mice were found. Consistently, FGFR3 knockout mice exhibited severe scoliosis and had a reduced thoracic anteroposterior length ratio, which further indicate that imbalanced growth between the thoracic vertebral column and the sternum may also participate in the pathogenesis of spine curvature including AIS. We thus hypothesize that the gradually reduced relative length of sternum during development stage also accounts for the spine curvature/scoliosis.

To keep the physiological shape and volume of thoracic cavity, the range of length ratio between the sternum and related thoracic spine must be precisely restricted. The length of the sternum is normally much shorter than that of the thoracic spine connected to the sternum by ribs. It is not clear why the length of sternum is relatively shorter than that of thoracic vertebrae connected to ribs (T1--T10). The development of the spine and sternum is mainly accomplished by their growth plates through EO. There are less numbers of growth plates in the sternum than that of (T1-T10), which may help to explain why the sternum is shorter than the thoracic spine related. Although the growth is accelerated in both the sternum and vertebral bodies of FGFR3-deficient mice, the relatively more active development of vertebrae that is presumptively related to their larger numbers of growth plates still leads to the imbalanced development of the anterior and posterior part of thorax, causing spine curvature. The detailed mechanisms need to be further studied in future.

Interestingly, the way through which the sternum is connected to the thoracic vertebra may also play an important role in the pathogenesis of the deformed thoracic spine. The costal cartilage of Rib 1--7 directly attaches to the sternum, whereas the costal cartilage of Ribs 8--10 indirectly connects to the sternum by attaching to the cartilage of the next upper rib. These differences may cause lower stability of thoracic 7--10 vertebral bodies than that in thoracic 1--6 vertebral bodies. When the thoracic spine is subjected to lateral curvature and rotation, the less stabilized thoracic 7--10 vertebral bodies are more likely to be distorted. This may also help to explain the phenomenon that the apical vertebrae are mostly located between the thoracic vertebral body 7 and 10 in patients with thoracic AIS and *fgfr3* knockout mice.

In summary, using mouse models with maldevelopment-related spine curvature and images from patients with AIS, we revealed that mechanically and genetically induced differential development between sternum and thoracic vertebras can induce severe spine deformation mimicking AIS. Our data support a novel mechanism for the pathogenesis of spine curvature including AIS, suggesting that the prevention and/or treatment of spine curvature should focus on not only spine itself but also surgical or rehabilitation intervention of other components involved in the pathogenesis of spine curvature, which will bring better outcomes for patients.
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